A statistics of extreme values was applied to determine the largest inclusion sizes in the Type 304 stainless steel. The samples taken from a tundish, slab and hot rolled steel in one heat were examined by using a two dimensional observation of inclusions on a metal cross section. It was found that the molten steel sample contained two different types of inclusions, which were deoxidation products (SiO2-CaOMgO-Al2O3) and reoxidation products (SiO2-MnO-Cr2O3). As a result, the extreme value distribution (EVD) for different types of inclusions in the melt has two different slopes. Meanwhile, the inclusions in the slab sample provided a good linearity in one EVD. Moreover, the correlation coefficients of the regression lines for both the slab and rolled steel samples increased significantly with an increased number of measurements from 40 to 80 unit areas. It was found also that the EVD data for fractured inclusions on a parallel cross section of rolled steel agreed satisfactorily well with that for the initial spherical inclusions in the slab sample. Based on the geometrical considerations of inclusion deformation and fracture during hotrolling, the maximum length of fractured inclusions in rolled steel can be estimated reasonably well from the EVD for initial undeformed inclusions in the slab sample.
Introduction
It is well known that the large size inclusions in different steel grades usually have significant harmful effect on properties and quality of the final products. Therefore, it is important to evaluate precisely the inclusion size and number for assessment of steel quality. The statistics of extreme values is one useful inspection method for estimation of probable maximum size of inclusions in the larger area and volume of steel. In this method, a relatively small area of steel sample is examined by using light optical microscopy (LOM) for prediction of the maximum size of inclusions in a larger given area (or volume) of steel. [1] [2] [3] [4] [5] [6] [7] For improvement of the accuracy of this estimation method, several studies were carried out. [3] [4] [5] [6] [7] The probable largest inclusion can be determined by using a linear regression formula obtained for extreme value distribution (EVD). Based on numerical simulations, Takahashi 6) has reported that the correlation coefficient of EVD increased with an increased number of inclusions on the unit area. Furthermore, Beretta and Murakami 7) have clarified that the maximum likelihood (ML) method is a reliable method to determine the accurate regression line from EVD. However, the reasons of lower linearity of EVD for inclusions in samples from different stages of steel making process have not been fully understood.
For rolled steel products, it is well known that some oxide as well as sulfide inclusions become elongated and fractured during the rolling process. This is mainly due to their soft plasticity, especially at high temperatures. [8] [9] [10] [11] [12] The inclusions which are elongated and fractured along the rolling direction, cause some problems such as anisotropic physical properties or crack formation along the inclusions. [13] [14] [15] More specifically, Nisitani et al. 15) reported that the rate of crack growth in the metal matrix increased with the propagation of this crack along lined inclusions.
Moreover, it is important for steel making control to predict the longest inclusion in the rolled steel at an earlier stage of the process. It was reported 16) that the hot strip is the preferable sample to estimate the probable largest inclusion size from the viewpoint of the time consumption for examinations.
Furthermore, the three-dimensional (3D) observation of inclusions with different morphologies is needed for accurate extreme value analysis. An electrolytic extraction technique is one of successful methods for 3D investigation of inclusions on a surface of a film filter after extraction of a steel sample. 17, 18) Especially for elongated sulfide inclusions, the 3D investigation is more accurate compared to a conventional two-dimensional (2D) investigation on a polished cross section of a steel sample. 18) In this study, the EVDs of inclusion sizes were obtained for both original and deformed inclusions in a 304 austenitic stainless steel on different stages of a steel making process. More specifically, the EVDs for inclusions in molten steel, © 2011 ISIJ slab and rolled steel were compared. Thereafter, the predictability of the maximum size of inclusions at an early stage of steel production was discussed.
Experimental Procedure

Samples during Steel Production
A Si-Mn killed 304 austenitic stainless steel has been selected for this study. The typical composition of this steel is as follows (in mass%): 0.05%C, 0.5%Si, 0.9%Mn, 8.1%Ni, 18.1%Cr, 0.0028%O. The steel production of this austenitic stainless steel includes the following steps: After melting of scraps in an electric arc furnace (EAF), the melt is refined by using an argon oxygen decarburization (AOD) process. Here, deoxidants in form of Fe-Si alloy and metal manganese were added. Then, the temperature and composition of molten steel was precisely controlled in a ladle furnace (LF) during treatment. Thereafter, the molten steel is continuously cast to obtain slabs with a 200 mm thickness and a 1 000 mm width by means of a vertical continuous casting machine (CC). The slab is then hot-rolled into an 8.8 mm thickness strip after being heated to 1 200°C.
During the processing, samples were taken from a tundish at about 0.2 m under surface of melt by a liquid steel sampler (34 mm of diameter with 13 mm of thickness) as well as from an as-cast slab and a hot-rolled strip. The metal specimen of slab sample (15 mm × 15 mm × 10 mm) was taken from near the narrow face of a slab. Meanwhile, the metal specimen of rolled steel sample (10 mm × 40 mm × 8.8 mm of thickness) was taken from the quarter position in width direction of strip. It should be noted that all samples were taken from the same heat.
Investigation of Inclusions on Metal Cross Section
In the previous study, 17, 18) it was concluded that the 3D investigation of inclusions and clusters on a surface of a film filter after the electrolytic extraction (EE-method) of steel samples is preferred for EVD analysis in comparison with the conventional 2D investigation. Especially, the EE-method provided more accurate data by investigation of undamaged clusters and elongated inclusions (such as sulfides). However, some inclusions can be fragmented during hot and cold rolling. In this case, the EE-method cannot be used for estimation of the whole actual maximum size of a fractured inclusion and its effect on properties of steel. Therefore, the conventional 2D investigation of inclusions on polished cross sections of the steel samples by using LOM (CS-method, hereinafter) was applied in this study for determination of the maximum length of fractured inclusions. Figure 1 shows the schematic illustrations of inspected sections in different samples and the typical inclusions observed on the cross section of an appropriate metal sample.
According to the Murakami's method, 2) the value can be used as a representing size parameter of measured inclusions in the molten steel and slab samples. In this case, the value was determined as a square root of an area for an appropriate inclusion section on metal surface. As shown in Figs. 1(b) and 1(d), the inclusions on the cross sections of metal samples taken from the molten steel and slab are spherical. In this case, the area of each inclusion was determined using a measured diameter, d, as follows: Figure 1(f) shows the typical fractured inclusions on a metal cross section along the rolling direction. In this case, the original spherical inclusion is fractured during rolling and dispersed as a group of inclusions on a line. According to the ASTM E45-97 standard, 19) the L40 length was determined as the total length of an inclusion group with a distance between the neighboring particles being less than 40 μ m, as shown in Fig. 1(f) . Therefore, the maximum length of this inclusion group, L40 max, was defined as a representing size parameter for the EVD analysis.
In addition, the maximum widths of inclusions, q, in a group of fractured inclusions were measured for determination of the aspect ratio, λ, as follows:
Moreover, the areas of irregularly fractured inclusions in the rolled steel sample were measured by using the image analyzing software (WinROOF © ). The appropriate representing size was determined for the largest inclusion on each observed unit area. A unit area, ACS, for all experiments was chosen as 0.24 mm 2 , which corresponds to the area of the LOM micrograph at a magnification of 200 times. Overall, 40, 60 and 80 unit areas were examined for EVD to determine the effect of the number of investigated unit areas on the accuracy of obtained results. In this case, the total observed areas by 40, 60 and 80 investigated unit areas were 9.60, 14.40 and 19.20 mm 2 , respectively. The compositions of typical inclusions with different size were analyzed in every steel sample. It was done by using scanning electron microscopy (SEM) with energy dispersed spectrometry (EDS).
Statistical Analysis
The statistical analysis in this study was performed using Murakami's method 2) in conjunction with ASTM E2283-03 standard. 20) At first, the representing sizes of measured largest inclusions were sorted in an increasing order. Thereafter, area max area max 
the reduced variate for each size data, yi, was determined by Eq. (3).
(
where n is the number of investigated unit areas on a cross section of a steel sample. It should be noted that each yi value corresponds to the cumulative frequency of the i-th largest inclusion in the n measurements. The EVD for each sample was obtained as relationship between yi values and representing sizes of largest inclusions, xi. A regression line for EVD data was calculated for every experiment from the ML method according to the ASTM E2283-03 standard. 20) By extrapolating an obtained regression line, the probable maximum size of the largest inclusion can be estimated in a given reference area, Aref. In this study, the value of Aref was decided as 240 mm 2 , which is 1 000 times larger than value of ACS. For estimation of the probable maximum size of an inclusion in the reference area, the value of reduced variate, y, for the Aref value can be determined from Eqs. (4) and (5) (5) where T is the return period for the reference area (= 1 000 in this study).
Results and Discussion
EVD for Spherical Inclusions in Samples from
Molten Steel and Slab Figure 2 shows the EVD for the samples taken from the molten steel and slab (a) as well as that from the rolled steel (b) by using the representing size parameters of the and L40 max values, respectively. It can be seen in Fig. 2 (a) that the EVD data for the molten steel sample (Exp. CSM1) in the range between 3 and 9 μ m have the tendency similar to that obtained for the slab sample (Exp. CSS1). However, some data points of the largest inclusions (> 9 μ m) in the molten steel sample have a significant deviation from the regression line which agree very well with the EVD for Exp.
CSS1 and with most data points of EVD for Exp. CSM1. On the other hand, the regression line of EVD for the rolled steel sample (Exp. CSR1) can be drawn along most of the data points except for a few points of large inclusions ( Fig.  2(b) ).
In order to understand the existence of an inflection point in the EVD for the molten steel sample, the compositions of inclusions with different size were analyzed by means of EDS. Figure 3 shows the analytical result plotted on the ternary diagram for inclusions in every sample. In the case of the rolled steel sample, each data point corresponds to the mean composition for several particles in one lined inclusions. It can be seen that the inclusions in the molten steel sample are SiO2-CaO-MgO-Al2O3 (30-40 mass% SiO2-70-60 mass% CaO+MgO+Al2O3) and SiO2-MnO-Cr2O3 (40-60 mass% SiO2 -60-40 mass% MnO+Cr2O3) oxides. However, only SiO2-CaO-MgO-Al2O3 inclusions were detected in the slab and rolled steel samples. Wang and Beckermann 21) reported that MnO and Cr2O3 contents in non-metallic inclusions increase with an increased oxygen absorption during reoxidation of high-alloy liquid steel. Therefore, it was assumed that the inclusions with large amount of MnO and Cr2O3 were formed by reoxidation of melt in a tundish and involved in the sample body during sampling of a liquid metal. On the other hand, SiO2-CaOMgO-Al2O3 oxides are the typical deoxidation products, which have been formed and grown during the refining process. 22) The relationship between the total content of MnO and Cr2O3 and diameter of inclusions in the molten steel and slab samples are shown in Fig. 4 . In the slab sample, the concentrations of MnO+Cr2O3 (0-7 mass%) in all inclusions were negligibly small. However, in the molten steel sample, the inclusions with diameter larger than a 10 μ m contain 35-80 mass% of MnO+Cr2O3. These inclusions were safely assumed to be a liquid state in a tundish due to the spherical shape. Thus, such larger inclusions were considered to be present in the molten steel sample by the entrapment of the molten oxide slag particles from steel surface in a tundish during the sampling procedure.
According to these results, the reoxidation products con- sisting of SiO2, MnO and Cr2O3 have a larger particle size distribution in the molten steel sample in comparison with the deoxidation products (SiO2-CaO-MgO-Al2O3). The particle size distributions expressed in form of and the EVDs for inclusions in the molten steel and slab samples are shown in Figs. 5(a) and 5(b) , respectively, indicating inclusion composition. The particle size distributions in the range of smaller than 9 μ m agree reasonably well even though two types of inclusions coexist. Deoxidation products mainly belong to this group. However, the larger size particles (SiO2-MnO-Cr2O3) over 9 μ m in the molten steel sample affect significantly on the linearity of EVD. As a result, it caused the inflection in the EVD that brought difficulty in prediction of the probable largest inclusion in the reference area, Aref. This implies that it may bring confusion to evaluate inclusion size by the molten steel sample.
EVD for Inclusions in Rolled Steel
In the rolled steel sample (Fig. 2(b The assumptions of (1) and (2) are considered in this section while that of (3) will be discussed in detail in the next section.
As shown in Fig. 3 , the inclusion compositions in the rolled steel sample is quite similar to that in the slab sample. Regarding the compositions of the large size inclusions (L40 max ≥ 150 μ m), they are mostly the same as the small size inclusions in the linear distribution. Thus, the assumption of the above (1) is not probable.
In order to understand the cause of this deviation, next, the total observed area was increased by an increase in number of observed unit areas, n, in every sample. The comparison of EVDs for inclusions in molten steel, slab and rolled steel are shown in Fig. 6 as a function of n (n = 40, 60 and 80). In every case, the linearity of their distributions has been improved with an increase in the number of observed unit areas. Especially in the rolled steel sample shown in Fig. 6(c) , the extent of deviation for several large sizes has been reduced. For the molten steel sample of Fig. 6(a) , the inclusions over 11 μ m in , at which the distribution showed inflection points, were not plotted intentionally even though they were observed same as in Fig. 5(b) . This reason is that they have been identified to be SiO2-MnO-Cr2O3 considered as reoxidation product as mentioned above. This type of inclusions was not observed in the slab sample of Fig. 6(b) in spite of an increase in the number of observed unit areas. The a and b constants of the regression lines and correlation coefficients, R, obtained from the molten steel, slab and rolled steel samples are summarized in Table 1 . The formulae of the regression lines for the molten steel sample (Exps. CSM1', 2' and 3') were determined by using the data shown in Fig. 6(a) . It can be seen that the a and b values of the regression lines with the different numbers of observed unit areas are similar in each sample. Figure 7 shows that the R value increases with an increased number of the unit areas. This result is true particularly for the rolled steel sample. This proves that the linearity is improved when wider area is inspected and that the assumption of the above (2) contributes to some extent.
Even though the above matters of the assumptions (1) and (2) are accounted for, the R values of the rolled steel sample are obviously lower compared to those of the molten steel and slab samples at the same number of the observed unit areas. Another assumption of (3) may be dominant.
Transition of EVD through the Steel Making Pro-
cess As aforementioned in Section 3.1, the EVD as well as the size distribution for deoxidation products (SiO2-CaOMgO-Al2O3) in the molten steel and slab samples are almost the same except for the larger sized reoxidation products (SiO2-MnO-Cr2O3) in the molten steel. It is required to separate reoxidation particles from deoxidation products when inspecting. Alternatively, it is required to avoid having them into the sampler. However, a molten metal sample can be taken from a tundish easily than a sample from slab. Thus, it can be suggested that the data obtained from the molten steel samples can be successfully applied for evaluation of the probable maximum size of the deoxidation products in a slab after solidification. These results obtained on an earlier stage of a steel making process can be used for selection of operating parameters for the processes of hotrolling of slabs and cold-rolling of hot band which follow the casting process.
The EVDs before and after the hot-rolling, thus, were compared based on the geometrical considerations of deformation and fracture of inclusions during rolling. Figure 8 shows the typical inclusions on a cross section of the metal samples before and after hot rolling along with the schematic illustrations. As given in Fig. 8 , two types of fractured inclusions have been observed denoted as Type B1 which is sufficiently fractured and Type B2 which has one large particle with smaller ones. The EVD analysis was, at first, made assuming the inclusions to be sufficiently fractured, since the majority of inclusions in the rolled steel sample were Type B1 (74%). In this study, it has been assumed that the all fractured particles, which are lined in one group along the rolling direction, correspond to one spherical par- (6) where Stot is the summation of the areas for all fractured particles lined in a group on a cross section of metal sample after rolling, and S0 is the area of the initial spherical inclusion on a cross section of a slab sample. Figure 9 shows the EVDs of the for spherical inclusions obtained experimentally for the slab sample (Exp. CSS3) in comparison with calculated from fractured particles in the rolled steel sample (Exp. CSR3). It can be seen that the EVDs for the slab and rolled steel samples are in good agreement except for a few particles larger than 13 μ m. Consequently, the EVD of inclusions in hot-rolled steel could be estimated using the EVD of inclusions in a slab by geometrical consideration of the deformation and fragmentation of the initial spherical inclusions during hot-rolling of the steel.
In this study, it was assumed that the deformed and fractured inclusions of one group after rolling of steel located in the form of an ellipsoidal zone as schematically shown in (7) where f S is the area fraction of fractured inclusions in an area of ellipsoidal zone.
Thus, L40 can be geometrically calculated by using the value of aspect ratio of fractured inclusions, λ, combining Eqs. (2), (6) and (7) (8)) is shown in Fig. 10 . The L40 max, Calc values were calculated from the diameters of spherical inclusions in the slab sample (Exp. CSS3; n = 80). Firstly, the values of total are focused on. In Fig. 10(a) , the EVD regression line of L40 max, Calc (Total) calculated by using the total mean values of λ and f S for all inclusions in the rolled steel (27.7 and 0.250, respectively) deviates significantly from the real EVD obtained from investigation of the rolled steel sample (Exp. CSR3).
Mean values of λ and f S were determined experimentally by investigation of fractured inclusions in the rolled steel sample. The results of λ and f S measurements are summarized in Table 2 . This significant deviation of calculated and ISIJ International, Vol. 51 (2011), No. 12 measured EVDs on Fig. 10(a) has to be cleared. The fractured inclusions in the rolled steel sample have been classified into two types, Type B1 and Type B2 in this study as stated in the last section; the former is sufficiently deformed and the latter is vice versa. Type B2 is defined as follows in this study. Type B2 has one larger inclusion with the width q > 3 μ m in one group. In addition, the width of this inclusion is more than three times larger than the mean width of the other parts in that inclusion group. Type B1 has larger λ (6~76) and smaller f S (0.07~0.46) values than the corresponding values of Type B2 (λ = 2~33, f S = 0.12~0.91). It can be seen in Fig. 10(b) that the calculated EVD for Type B1 agrees well with the EVD measured in the rolled steel sample. However, these EVDs for Type B2 have a large difference ( Fig. 10(c) ). This difference of fracturing phenomenon between Type B1 and B2 might have been caused by the difference of crystallization behavior of inclusions during solidification and heating before hot-rolling. The reason for this difference, even though both have the same compositions as explained above, is not fully understood at this moment. A possible reason for this is that Type B2 is most likely crystallized as melilite which is harder to be deformed than glassy oxides. Type B1 is contrary considered to be glassier. By using the regression lines determined from 80 unit areas by investigation of the molten steel, slab and rolled steel samples, the probable maximum size of the inclusion was predicted on the given larger area of a metal cross section (Aref = 240 mm 2 , y = 6.948). Figure 11 shows the probable maximum size of inclusions (total, B1 and B2) obtained from the measured (circle marks) and calculated (square marks) EVDs for the steel samples on the different stages of steel making process. The error bars represent the 95% confidential intervals, which were calculated according to the ASTM E2283-03 standard. 20) The values of L40 max in which every inclusion is accounted for denoted as total are firstly discussed. One can understand that the L40 max values calculated by Eq. (8) with the EVDs of the molten steel (Exp. CSM3') and slab (Exp. CSS3) samples are almost the same as the measured L40 max by the rolled sample (Exp. CSR3). However, the calculated values are slightly lower than the measured. This reason is next discussed.
The L40 max, Calc values for Type B1 calculated by Eq. (8) with the EVDs of the molten steel and slab samples are well consistent with the actual L40 max value measured from the rolled steel sample. Thus, the molten steel and slab samples are available for prediction of the largest size for Type B1 in the rolled steel when one accurately has λ and f S values.
However, with regard to Type B2, the values of L40 max, Calc calculated from the spherical inclusions (Exps. CSM3' and CSS3) do not agree with the measured L40 max (Exp. CSR3). Therefore, it can be mentioned that the existence of Type B2 lowers the ability in prediction of the L40 max.
It should be noticed here that the above calculations of L40 max, Calc of the molten steel and slab samples were based on the probable maximum sizes of 16.9 ± 2.5 and 16.6 ± 2.3 μ m in the corresponding samples, respectively, as listed in Table 3 . It can be also realized that the predicted maximum size of inclusions in the molten steel samples is well consistent with that in the slab sample. This implies that the molten steel sample can be applied satisfactorily well for estimation of the longest inclusion in the rolled steel sample.
In Fig. 11 , the disagreement between the measured and calculated EVD data of Type B2 is attributed to the fact that the mean λ and f S values used for Eq. (8) are not available.
The majority of inclusions were classified into Type B1 in this study. As mentioned earlier, the frequencies of Type B1 and B2 in the rolled steel sample of Exp. CSR3 are 74% and 26%, respectively. This fact caused the inconsistency when the types were not separated as explained above by denoting as total. As a result, the assumption of (3) documented in the last section has been proved to be the most dominant. Inspectors have to keep it in mind to check how inclusions are elongated and fractured when inspecting strips. For usage of steel, it is important to prevent long size Type B1 to avoid serious sliver defect appearing on strip surface as well as the anisotropy of physical properties of steel. 23) In the case of elongated inclusions like Type B1, the described method is applicable with sufficient accuracy for prediction of the maximum size of inclusions in the hotrolled steel based on the EVDs for inclusions in the molten steel and slab samples. However, far more investigation is required for inclusions insufficiently deformed to predict the largest inclusion in a rolled strip in the future.
Conclusions
Size measurements of large inclusions in metal samples of one heat of Type 304 austenitic stainless steel were carried out at three stages of the steel making process: in molten steel, slab and hot-rolled steel samples. Statistics of extreme values of inclusion sizes were applied for prediction of a largest size on a sample cross section. The linearity of the extreme value distribution (EVD) and the relationship among the EVD of each sample were focused on. The following conclusions were obtained:
(1) The extreme value distribution of deoxidation (SiO 2 -CaO-MgO-Al 2 O 3 ) and reoxidation (SiO 2 -MnOCr 2 O 3 ) inclusions in sample of liquid steel from a tundish has two different slopes. The reoxidation products, which are involved in sample from surface of melt in a tundish during sampling, had a larger size than the deoxidation products.
(2) An increase of the measurement number of unit areas from 40 to 80 increases the linearity on the EVD and values of correlation coefficient for the regression lines. It can improve an accuracy for estimation of the maximum size for inclusions in steel samples.
(3) As the EVDs for deoxidation inclusions obtained from the molten steel and slab samples agree well, the molten steel samples from a tundish can be used for prediction of the maximum size of these inclusions in slab.
(4) The probable maximum length of fractured inclusions with similar size particles (Type B1) can be estimated satisfactorily well from the EVDs for inclusions in molten steel or slab before rolling by using the mean values of area fraction and aspect ratio of the fractured inclusions after rolling.
